A coaxially fed dual-band electrically small antenna based on double-negative metamaterials is presented in this letter. The antenna consists of a microstrip patch antenna as driven element and a double-negative metamaterials shell as parasitic element. Nearly complete matching of the entire system to a 50 Ω source without any matching network is achieved at 299 MHz and 837 MHz, with ka = 0.444 and 1.242 respectively. Measured performance agrees with simulations, and the proposed antenna has considerable radiation efficiency and is suitably employed for VHF and UHF applications.
Introduction
Electrically small antennas (ESAs) have drawn much attention and have been extensively studied in a long decades for a variety of wireless applications. Due to its compact dimension, an ESA always exhibits high impedance mismatch, high quality factor (Q); and, therefore, low radiation efficiency (RE) and overall efficiency (OE) and narrow fractional bandwidth (FBW). For an electric or magnetic small antenna, there is a fundamental lower bound for the quality factor that is determined as Chu-limiation concerning the antenna's physical size and operating wavelength [1] . The famous formula ( ) ( ) 3 1 1 Q ka ka ≈ + (a being the radius of the smallest sphere that completely encloses the antenna at the operational frequency, and k is the free space wave number) indicates that a smaller ka leads to a lager Q, resulting in narrower bandwidth and lower radiation efficiency. Many communities have devoted themselves to develop the theory of ESA [2] - [5] . A remarkable viewpoint is that metamaterial-inspired Near-Field Resonant Parasitic (NFRP) electrically small antenna can achieve nearly com-plete matching of the entire system to a 50 Ω source without any external matching network and to yield high radiation efficiencies [6] .
Aim to realize the metamaterial-inspired NFRP electrically small antennas, many designs have been reported in [7] - [23] . The most famous one called "EZ" small antenna [9] [12] [16] [17] generally employs electric monopole or semi loop as driven element and epsilon negative (ENG) metamaterial or capacitively loaded loop (CLL) as parasitic element, but it always seem to be too cumbersome to assemble on aircraft and other unmanned vehicle. Others such as egyptian axe dipole antenna [22] [23], stub antenna, canopy antenna [14] , multifunctional and active NFRP antenna [20] [24] are also attracting many interests. Though there have been many structures in designing NFRP antenna, the common point can be depict as that a high radiated efficiency was possible by compensating the large capacitive (inductive) reactance by the inductive (capacitive) reactance of a double-negative (DNG) shell surrounding the electrically small driven element. The inductive (capacitive) impedance offered by the DNG shell was caused due to a change in sign of the reactive part of the complex power radiated by the driven element in an infinite DNG medium. Furthermore, compared to 3D version, the planar printed NFRP ESA has attracted much more attention owing to the advantages such as low profile, high efficiency, ease of fabrication and installation, etc. [21] [22] . This paper proposed a dual mode planar printed NFRP ESA based on DNG metamaterials. By adjusting the capacitor and inductor values, nearly complete match to the 50 Ω sources in very close proximity to 300 MHz and 840 MHz was achieved. We note that in this paper, the criterion of an ESA is that 1 ka ≤ [2] . And the numerical simulations and their optimizations were carried out using the frequency domain ANSYS/ANSOFT HFSS.
Design of Electrically Small Antenna
In many of the reported designs, the fundamental resonance of an NFRP antenna can be either electric or magnetic. An electric resonance generates an electric dipole mode, and a magnetic resonance generates a loop mode. In planar version, the most adopted driven element was often selected to be electric dipole because it would bring the NFRP antenna a broad bandwidth characteristic [22] , but it has a relative large back lobe and needs some special technique for feeding, thus restricts ESA's application.
Both of 3D perspective and plane view of the proposed planar electrically small antenna is shown in Figure 1 . The new configuration consists of two stacked dielectric substrate isolated by air. There is a rectangle patch on the top of the first substrate with 1 capacitance of patch antenna, and represents the series capacitance and shunt inductance of the DNG metamaterials, and depicts the coupled capacitance between the patch and DNG metamaterials. Thus, the resonant frequency of the circuit model is approximately
The HFSS-predicted performance characteristics of this electrically small antenna are given in Figure 3 and Figure 4 . For comparison, the corresponding results for the same sized microstrip patch antenna (MPA) shown in Figure 1(b) are also given.
As is shown in Figure 3 Figure 4 it is clear that the proposed ESA based on DNG metamaterial has three resonance frequencies, a well impedance matching is obtained at the VHF and UHF.
For studying the radiate mechanism of the proposed ESA, the 3D polar radiation patterns operating at 299 MHz, 837 MHz, and 1420 MHz were shown in Figure 5 . At 299 MHz, the maximum radiate direction is at XOZ plane, this can be seen as end-fire omnidirectional antenna; at 837 MHz, the maximum radiate direction is at XOY plane, this can be seen as broadside omnidirectional antenna; at 1420 MHz, the maximum radiate direction is at +Z direction, this can be seen as half wavelength ( ) 0 2 λ radiation model, in other words, a conventional patch antenna.
Since the third resonance frequency showing in Figure 3 and Figure 4 was not a good impedance matching, we prefer to research the first and second resonance frequency which belongs to VHF and UHF respectively. Figure 6 and Figure 7 depict the electric field distributions predicted by HFSS both on the upper and nether plane, and the black arrow expresses the direction of induced current. In Figure 6 , the electrical field mainly concentrates at the centre on the upper layer, this demonstrates that the interdigital capacitor is the main contributor for electromagnetic wave radiating. The current direction on the two layers indicates that this radiation maybe a linearly polarized model along X direction. In Figure 7 , the electrical field concentrates both on the edge of the upper patch and the nether patch. The current distribution is symmetrical with respect to YOZ plane on the upper patch central symmetrical on the nether patch. This makes the antenna like a zeroth-order resonant cavity and radiates a linearly polarized model along Z direction. Figure 8 shows the prototype of the fabricated electrically small antenna. Both driven and parasitic elements were printed on the 100 × 100 mm 2 F4B substrate ( 2.65 r ε = , tan 0.001 σ =
Experimental Results of the Proposed Electrically Small Antenna
) specified by the design illustrated in Figure 1 . It is a double layer stacked antenna separated by air and fed by a coaxial cable with characteristic impedance equal to 50 Ω on the back ground. Then it was connected to the vector network analyzer (VNA) cable and measured its network characteristics.
The measured reflection coefficient of the proposed antenna is plotted in Figure 9 along with that calculated via full-wave simulation by the HFSS. The measured resonant frequency is about 1% shifts higher than the simulated one, which can be contributed to fabrication process and dielectric constant tolerance in a frequency regime. The Since the antenna has a none-damaged ground plane, the back lobe can be reasonably decreased when it is fixed on a sufficiently large metal platform.
The measured antenna efficiency and peak gain are presented in Figure 11 . When operating at VHF, the efficiency of the proposed antenna is higher than 70% over the 3-dB bandwidth spectrum with a peak value of 75%; when operating at UHF, the efficiency of the proposed antenna is higher than 95% over the 3-dB bandwidth spectrum with a peak value of 98%. The measured peak gain is 0.2 dBi and 2.8 dBi at 299MHz and 837 MHz respectively.
Conclusion
A dual-band electrically small antenna based on double-negative (DNG) metamaterials is proposed and experimentally studied in this communication. The new structure consists of a microstrip patch antenna as driven element and a double-negative shell as parasitic element. Nearly complete matching with no external matching circuit was achieved at 299 MHz and 837 MHz, which belongs to VHF and UHF spectrum respectively. Even though the fractional bandwidth is less than those which are already assembled in the commercial products, the compact size and the none-damaged ground configuration of the proposed antenna still demonstrate the potential of applying the antenna to the wireless communication.
